A new species of Afroboletus, namely A. sequestratus, is described from Zambia. Evidence from molecular phylogenetic analyses using sequences rpb1, rpb2 and tef1α and morphological comparison support its placement in Afroboletus and it is distinct from the other related members of this genus in Africa. It is the first species with sequestrate basidiomata in the genus. A morphological description is augmented with line drawings and SEM images for the species.
Introduction
Strobilomyces Berkeley (1851: 78) is an easily recognizable genus of Boletaceae Chevallier (1826: 248) (Singer 1975; Binder & Hibbett 2006; Nuhn et al. 2013; Wu et al. 2014 Wu et al. , 2016 . Singer (1975) divided the genus into two sections, namely, sect. Strobilomyces (Singer 1975: 812) having spores with reticulate, or subcristate to verrucose ornamentations, and sect. Pterospori Singer (1975: 812) having spores with longitudinal costae. Pegler & Young (1981) proposed the genus Afroboletus Pegler & T.W.K. Young (1981: 130) to accommodate members of sect. Pterospori. However, this treatment was not accepted by Singer (1986) . Recent molecular phylogenetic studies indicated that A. luteolus (Heinemann 1964: 475) Pegler & T.W.K. Young (1981: 132) received strong support as the sister group of Strobilomyces (Nuhn et al. 2013; Halling et al. 2015; Wu et al. 2014 Wu et al. , 2016 .
To date nearly 30 species from many parts of the world have been described in the genus Strobilomyces (Berkeley 1851; Cooke 1889; Beeli 1926; Bouriquet 1943; Singer 1945; Chiu 1948; Heinemann 1964; Corner 1972; Hongo 1982; Ying & Ma 1985; Zang 1985; Ying 1987; Heinemann & Rammeloo 1995; Nagasawa 1997; Watling 2001; Wen & Ying 2001; Sato et al. 2007; Sato & Murakami 2009; Sato et al. 2011; Petersen et al. 2012; Antonín et al. 2015; Terashima et al. 2016) , while only six or seven species of Afroboletus have been described (Singer 1945; Heinemann 1964; Pegler & Young 1981; Pegler 1982; Watling & Turnbull 1992; Heinemann & Rammeloo 1995) . However, no species with sequestrate basidioma has been reported in Afroboletus. In this study, we report a new species of Afroboletus based on both morphological and molecular phylogenetic evidence.
Materials and methods

Morphological observation and descriptions
Macroscopic descriptions are based on field notes and images. For microscopic studies, free-hand sections of dried basidiomata were prepared. 5% KOH was used as mounting medium. The following abbreviations are used in this paper: [n/m/p] means n spores from m basidiomata of p collections. Dimensions for spores are given using notation of the form (a-)b-c (-d) . The range b-c contains a minimum of 90% of the measured values. Extreme values, e.g., a or d are given in parentheses. Q is used to mean 'length/width ratio' of a spore in side view; Q means average Q of all specimens ± sample standard deviation. Specimens are deposited in the Herbarium of Muséum National d'Histoire Naturelle, Paris, France (PC). For observation of basidiospores under a scanning electron microscope (SEM), the method in Hao et al. (2014) was followed. The names "Afroboletus" and "Strobilomyces" are abbreviated as "A." and "S." respectively.
DNA extraction, PCR and sequencing
Protocols for DNA extraction, PCR amplification, and sequencing followed those in Wu et al. (2014) and references therein. DNA sequences of three loci, the genes for partial polymerase II largest and the second largest subunits (partial rpb1: from an intron between conserved domains A and B to conserved domain C of rpb1; partial rpb2: among conserved domain 6 of rpb2), along with the gene for translation elongation factor subunit 1-α (tef1α), were selected for molecular phylogenetic analyses. The Boletales-specific PCR primers RPB1-B-F/RPB1-B-R and RPB2-B-F1/ RPB2-B-R (Wu et al. 2014) , and 595F/1160R (Kauserud & Schumacher, 2001 ), were applied for the amplification of sequences rpb1, rpb2 and tef1α, respectively.
Sequence alignments and phylogenetic analyses
Sequences of rpb1, rpb2 and tef1α retrieved from GenBank and obtained by us in this study are listed in Table 1 . A total of 119 sequences including 49 newly generated in this study and 70 retrieved from GenBank form the dataset. (Wu et al. 2014) . The dataset was then aligned using MAFFT v7.130b (Katoh & Standley 2013) and manually optimized in Bioedit v7.0.9 (Hall 1999) . The three singlegene datasets were analyzed independently using the Maximum Likelihood (ML) method to detect the topologies of the three genes before they were concatenated together. Because no significant incongruence was detected (BS>70%, Nuhn et al. 2013) , the resulting three alignments were then concatenated using Phyutility (Smith & Dunn 2008) . The best partitioning schemes and substitution models for our phylogenetic analyses were identified using PartitionFinder (Lanfear et al., 2012) . The data blocks were manually defined prior to partition schemes selection. Protein coding genes partitioned by codon positions and introns were modeled separately. Sequences of rpb1, rpb2 and tef1α were divided into eight blocks (Intron 1, rpb1-B_codon 1, rpb1-B_codon 2, rpb1-B_codon 3, Intron 2, rpb1-C_codon 1, rpb1-C_codon 2, rpb1-C_codon 3), three blocks (rpb2_codon 1, rpb2_codon 2, rpb2_codon 3), and 11 blocks (tef1α-1_codon 1, tef1α-1_codon 2, tef1α-1_codon 3, Intron 3, tef1α-2_codon 1, tef1α-2_codon 2, tef1α-2_codon 3, Intron 4, tef1α-3_codon 1, tef1α-3_codon 2, tef1α-3_codon 3), respectively. The best partition schemes for the three-gene dataset were summarized in Table 2 .
The three-gene dataset was analyzed by ML and Bayesian Inference (BI) analyses using RAxML v7.2.6 (Stamatakis 2006) and MrBayes v3.2 (Ronquist et al. 2012) , respectively. The GTRGAMMAI was chosen as the best fit model for the three-gene dataset based on the best partition schemes (Table 2) . Statistical support was calculated using nonparametric bootstrapping with 1000 replicates in ML analysis. For BI analysis, selected models (Table 2) were used and four chains were conducted by setting the generations to 6 million, and the stoprule command was used when the standard deviation of the split frequencies fell below 0.01 and ESS values >200. Tracer v1.5 (http://tree.bio. ed.ac.uk/software/tracer/) was applied to monitor the chain convergence. Trees were sampled every 100 generations. The trees were summarized and statistic supports were obtained by using sump and sumt command implemented in MrBayes by discarding the first 25% of generations as burn-in.
Results
Molecular phylogeny
In the alignment of the three-gene dataset, 1136 characters are constant, while 841 characters are variable. The topology of phylogenetic trees based on the dataset generated from ML and BI analyses are almost identical, while statistical supports show slight differences. Our phylogenetic analyses indicate that the African sequestrate sample closely clustered with other Afroboletus species based on the combined matrix (rpb1, rpb2 and tef1α) with high statistical support (Bootstrap values, BS = 100%; Bayesian posterior probabilities, PP = 1.0). That sample represents an independent lineage differing from all known species, and is sister to A. elegans Heinemann & Rammeloo (1995: 216) (Fig. 1 & supplementary Fig. S1 ). Description:-Basidioma hypogeous to emergent, sequestrate, stipitate. Pileus hemispheric, convex, 6-7 cm in diam.; upper surface dirty white to greyish or brownish but becoming brownish then blackish when bruised, glabrous or locally covered with repent to slightly reflexed, dark brown to blackish squamules; lower surface brownish to brown. Gleba greyish to brownish grey, staining brown when cut, then blackish slowly, mostly longitudinally loculate; locules 1-2 mm broad; columella present, greyish to brownish, staining brown when cut, then blackish slowly. Stipe 5 × 2-1.5 cm, attenuate upwards, dirty white, pale grey to brownish, nearly smooth, covered with grey to brown to blackish floccose squamules; annulus present, but easily broken; context dirty white to brownish, becoming brown to blackish when injured.
Basidiospores [20/1/1] (10.5)11-14 × 9-11 μm [Q = (1.09)1.11-1.37(1.40), Q m = 1.21 ± 0.01], orthotropic, statismosporic, broadly ellipsoid to ovoid in equatorial view excluding ornamentation, yellow-brown, brown to cinnamon brown, thick-walled (up to 2.5 μm thick); ornamentation of 10-13 solid costae mostly regularly and longitudinally arranged and extending over the spore length, occasionally shorter and anastomosing, up to 2 μm tall, giving the spores a stellate appearance in polar view; hilar appendix with a basal thickened rim 2-3 μm in diam.; suprahilar plage not present. Basidia 30-35 × 14-17 μm, clavate, 4-spored; sterigmata stout, straight, 7-8 μm long. Cystidia present, 45-65 × 18-22 μm, subfusiform, thin-walled, colorless or with yellow-brown contents. Tramal plates composed of thin-walled, non-gelatinized to gelatinized, colorless or brownish filamentous hyphae 2-7 μm broad. Pileipellis a cutis composed of radially arranged, brown to dark brown intracellularly pigmented, slightly thick-walled (ca. 0.5 μm thick) filamentous hyphae 2-7 μm broad; outer surface of pileipellis locally covered with irregularly to subvertically arranged, thin-walled, 3-10 μm broad, intracellularly brown to dark brown pigmented filamentous hyphae aggregating into squamules on pileal surface, terminal cells cylindrical to narrowly clavate, 30-60 × 5-12 μm. Stipe trama composed primarily of longitudinally arranged, branching, thin-walled, colorless and hyaline or brownyellow intracellularly pigmented filamentous hyphae 3-10 µm broad. Clamp connections absent.
Habitat and distribution:-Solitary to scattered on laterite rich soil; fruiting in spring; only known from type locality. Singer (1975) divided the genus Strobilomyces into two sections, namely, sect. Strobilomyces, and sect. Pterospori. Morphologically, members of sect. Strobilomyces have spores with reticulate, or subcristate to verrucose ornamentation, while those of sect. Pterospori possess spores with longitudinal costae (Singer 1975) . Besides the costae, Pegler & Young (1981) pointed out that the basidiospores of sect. Pterospori possess a thick-walled collar around the apiculus, namely the "basal rim" and no differentiation of a suprahilar plage. Geographically, all known species of sect. Pterospori are restricted to Africa. Consequently, they treated the section as a separate genus, namely, Afroboletus. Recent molecular phylogenetic analyses indicated that A. luteolus received strong support as the sister group of Strobilomyces (Nuhn et al. 2013; Halling et al. 2015; Wu et al. 2014 Wu et al. , 2016 .
Discussion
In our study, we have found that the basidiospores of both sequestrate species (Fig. 3a-b ) and non-sequestrate species (Fig. 3c-d ) possess such features, namely, the longitudinal costae, the basal rim and the absence of a suprahilar plage, while those of Strobilomyces have reticulate, subcristate to verrucose ornamentations, no basal rim and a clear differentiation of a suprahilar plage (Fig. 3e-f) . Furthermore, our molecular phylogenetic analyses based on rpb1, rpb2 and tef1α sequences indicated that the /strobilomyces-clade and the /pterospori-clade clustered with strong statistic support (BS = 100%, PP = 1.0), and therefore, the two clades are regarded as two genera, namely, Strobilomyces and Afroboletus (Fig. 1 & supplementary Fig. S1 ) in support of the treatment by Pegler & Young (1981) . Although gasteromycetation evolved many times in the evolutionary history of Boletaceae (Heim 1971; Binder & Bresinsky 2002; Wu et al. 2014 Wu et al. , 2016 , this is the first report of a species with sequestrate basidioma in Afroboletus or even in Strobilomyces in its broader sense. The available molecular phylogenetic data indicated that A. sequestratus is phylogenetically close to A. elegans, A. multijugus Heinemann & Rammeloo (1995: 216) and A. luteolus. However, all of the latter three taxa possess non-sequestrate basidiomata with asymmetric ballistosporic basidiospores. Afroboletus elegans additionally possesses a black pileus with erect and dense scales, a large black annulus and basidiospores with lower costae up to 1.5 μm tall (Heinemann & Rammeloo 1995) . Afroboletus luteolus has at first a sulphur yellow to buff yellow, then Cinnamon-Drab to Fuscous to Dark Greyish-Brown, strobiliform pileus, a sulphur yellow annulus, and basidiospores with lower costae up to 1.5 μm tall (Pegler & Young 1981; Pegler 1982) . Afroboletus multijugus has a reticulate stipe and basidiospores with 15-20 costae (Heinemann & Rammeloo 1995) . Among the additional three formally described species, A. pterosporus (Singer 1945: 114) Pegler & T.W.K. Young (1981: 132) , the generic type, has significantly larger basidiospores with higher costae up to 3.5 μm tall (Singer 1945; Pegler & Young 1981) . Heinemann (1951) treated S. pterosporus Singer and S. lepidellus E.-J. Gilbert ex Heinemann. (1951: 340) (nom. nud.) as synonyms of S. costatisporus (Beeli 1927: 162) E.-J. Gilbert (1936: 260) . However, A. costatisporus (Beeli) Watling (1992: 346) is characterized by its significantly larger basidiospores (Heinemann 1951) . The remaining known species of the genus is A. azureotinctus Watling (1992: 344) , characterized by its white flesh becoming indigo blue when cut (Watling & Turnbull 1992) . Although only several species were described in the genus Afroboletus, the species delimitation needs to be clarified with both morphological and molecular phylogenetic evidence.
